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Abstract
This study was undertaken to determine whether pressure pulses that 
propagate through the induction system o f a port injected engine influence wall 
wetting occurring on the surfaces of the intake port. Water was used as the working 
fluid to eliminate the need for a special room and measures otherwise required to deal 
with fire hazards that would be present if  gasoline were used. An extensive 
experimental apparatus was constructed that would permit the control o f air flow, 
fuel pressure, throttle position and acoustic pressure pulse amplitude while allowing 
measurements to be made of wall wetting that occurs in the intake port. The mass of 
water collected from the intake port was recorded and analyzed to permit 
identification o f the effects associated with varying pressure pulse amplitude and 
timing relative to injection pulse timing in the intake port. National Instrument’s 
Lab VIEW software was used to generate signals required for the fuel injector and 
speaker operation.
The results obtained from the experimental approach used in this study 
indicated that the amount o f wall wetting can be affected by the pressure pulses 
propagating through the induction system. It was concluded that further research in 
this area should be conducted with special regard to wall wetting and pressure pulse 
interactions.
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1. Introduction
Modem automotive engineers and designers are continuously being 
challenged with strict limitations on exhaust emissions from gasoline engines. As a 
result, emphasis has been put on improving air/fuel mixtures formed in the induction 
system of spark ignited engines. An accepted mechanism for the production of 
hydrocarbon emissions is the entry o f liquid fuel into the engine cylinder [15]. In 
gasoline engines, liquid fuel deposited on the walls of an induction system is known 
to decrease the mixture preparation quality [3] and may enter the combustion 
chamber in a liquid phase.
The wetting of induction system surfaces during the operation of a port 
injected engine is a well documented phenomenon. To understand the mechanism 
by which wall wetting occurs, the physical events taking place in the intake port must 
be examined. Figure 1.1 illustrates the fuel behavior in a port injected engine.
Fuel is sprayed into the intake port o f the cylinder head toward the intake 
valve opening. After injection, the fuel may:
1. Vaporize instantly and be carried into the combustion chamber by air 
flowing through the intake port.
2. Impinge on the walls of the intake port or surfaces o f the intake 
valve(s).
1









Figure 1.1 - Fuel Behavior in a Port Injected SI Engine [15]
When impingement occurs, the fuel may evaporate due to heat transfer from 
the surfaces or it may form droplets and eventually a fuel film on the surfaces of the 
induction system. This film possesses the following typical features [3]:
1. Initially its mass accumulates as fuel is deposited on the walls.
2. The surface area it covers increases continuously as a consequence of 
the film spreading due to the action of a number of forces:
(a) the shear force on the film surface due to the gas swirl,
(b) the body force due to wall acceleration, and
(c) tangential momentum an impact pressure due to the impinging 
gas jet and arriving droplets.
3. It exchanges heat with the walls and the surrounding gas, and 
consequently vaporizes and mixes with the gas.
2
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What happens to the fuel film is influenced by a number of factors that have 
been studied in the past. Some of these include: wall temperature, air flow in the 
induction system, injector trajectory, geometry of the induction system, and the air-to- 
fiiel ratio. Another physical event known to exist in the intake system is the 
propagation of pressure pulses that are a result of intake valve action; however, the 
effects o f these pulses on wall wetting is not clear.
The pressure pulse is initiated when the intake valve opens. There is a sharp 
pulse when the intake valve opens to the cylinder which is at a higher pressure than 
the induction system. The pressure then drops and rises in amplitude as the intake 
stroke takes place. The pressure is then observed to level off when the intake valve 
is closed. Figure 2.1 illustrates the shape of this pressure pulse.
intake valve  
c lo se s intake valve 
opens
-180 180 360 540
Crank Angle (degrees)
Figure 1.2 - Shape of Pressure Pulse
3
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The objective of this thesis was to develop a controlled, benchtop 
experimental set-up to study the effects o f pressure pulses on wall wetting in the 
intake port. Further, the set-up must permit variation of pressure pulse amplitude, air 
flow rate and injection timing. The intent of this research was not to duplicate actual 
engine running conditions, but to study specific factors that were suspected of 
affecting wall wetting while excluding the influence of factors such as wall 
temperature. The primary reason for conducting this experimental study was to 
develop a better understanding of induction characteristics as well as building a 
foundation for further research.
4
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2. Literature Survey
The stated objective of this thesis is to investigate the effects o f pressure 
pulses on wall wetting occurring in the intake port o f an engine through the 
development o f an experimental test bench. The following literature survey was 
conducted to determine if such research has been done in the past. It was found that 
much research has been carried out on the topic of wall wetting and fuel spray 
impingement but no specific references were found pertaining to the relationship 
between pressure pulses propagating through the induction system and wall wetting.
Two methods have been used to study the phenomenon o f wall wetting and 
spray impingement in the past. These include: experimental techniques and 
theoretical or numerical modelling. Experimental techniques usually involve either 
a complete set-up of engine and induction system components with actual operating 
conditions or a test bench involving induction system components with simulated 
engine conditions. Numerical modelling involves the use o f generally accepted 
mathematical representations of the system and usually include the use of numerical 
methods in the solution to the governing equations.
5
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2.1 Experimental Techniques
Experimental Techniques are widely used for the study of wall wetting. Saito 
[15] describes methods for analyzing fuel behavior in port injected SI engines. The 
technique used involved a photographic system with synchronized strobe lights that 
made it possible to view events in the intake port through a transparent intake tube. 
The illustration of the photographic set-up is shown in figure 2.1. The results 
obtained using this set-up showed clear evidence of wall wetting in the intake port, 
especially during the warm-up period of engine operation.
Transparent acrylic 
a\  /  intake tube
Strobe
Holder StrobeWindow
Micro TV cam era
Figure 2.1 - Photographic System to Observe Fuel Behavior in the Intake 
Port [15]
The measurement o f fuel wall wetting in the intake port has been studied 
extensively [10, 2]. Saito [15] developed a method that enables direct and accurate 
measurement of fuel wall wetting in the intake port and in the cylinder. This 
technique involves freezing the fuel state during the firing operation. A special
6
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engine was utilized that had a hydraulic mechanism to drive the intake and exhaust 
valves o f the four cylinder. Figure 2.2 is an illustration o f the apparatus used. The 
wetting measurement in the study is achieved using the feature that each motion in
Valve driving unit
■ h
Sam pling  
pipe
Fuel wall w e t t in g - ^ O  






Fuel wall wetting 
in the intake port
Sam pling pipe
Figure 2.2 - Apparatus to Measure the Amount of Fuel Wall Wetting in 
the Intake Port and in the Cylinder [15]
the intake valve and the exhaust valve can be controlled independently. The motion 
o f the valves is stopped quickly and at the same time a shutter is closed to seal the 
intake port. As a result, the inside of the intake port becomes completely closed and 
the fuel state can be frozen. After freezing, heated air is supplied through a pipe 
connected to the intake port that vaporizes all the internal fuel wall wetting. The 
vapor is then extracted from the port and analyzed. The results from this study show 
that surprisingly large quantities of fuel are deposited on the surfaces o f the intake
7
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port, especially during the first few cycles. Some of the results from this study are 
given in figure 2.3.








Figure 2.3 - Required, Out-going and Remaining Fuel for First Three Cycles [16]
Johnen [9] used an optical technique to measure the thickness of the fuel film 
formed in the intake by impinging sprays. An intake with quartz glass windows was 
used to allow visual access. An illustration of the set-up is shown in figure 2.4. 
Special emphasis was placed on the study of the spray droplets leaving the injector 
and the development of the fuel film after impinging on the manifold wall. Optical 
fibers were positioned at four locations along the bottom wall of the intake. The fuel 
film development was obtained, cycle resolved, for different engine operating 
conditions. The quantity of fuel injection, time of injection, engine speed and time
8
Required fuel







□  : Wet intake port 
■  : Wet cylinder 
0  : Burned 
K : Engine-out HC
3rd
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of intake valve opening were varied in the experiments. The results from this study 
demonstrated the ability to monitor fuel film behavior inside the intake manifold of 
SI engines. The fuel film exhibited different characteristics depending on: location 
of observation, air flow situation and injected fuel quantity. In general, locations 
close to the intake valve exhibited higher amounts of deposited fuel mass compared 
to the other regions that experienced the impact of the spray.
beam  splitter (9:1)
A r-













Figure 2.4 - Principle Set-up of the Fiber Based Film Thickness 
Measurement Technique [9]
Novak [14] used an experimental test-bench to reproduce pressure pulses 
propagating through an intake manifold. The pressure pulses were simulated using 
a computer generated signal fed into amplified speakers attached to a bench mounted 
intake manifold. A schematic o f the apparatus is shown in figure 2.5. The results
9
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compared favorably to the predicted theoretical and measured engine time domain 
pressure curve. A similar method of producing pressure pulses was used in the 
experimental set-up of this research project.
BATTERY
4  CHANNEL 
AMPLIFIER







D /A  CARD
A /D  CARD
-►  F F L S f p ?  MICROPHONE
o oo o  I I AMPLIFIER
Figure 2.5 - Schematic of Simulation Experiment [14]
2.2 Numerical Modelling
Numerical modelling of engine events is a difficult undertaking. This is due 
to the limitations of the current techniques as well as the number of variables 
involved. Assumptions must be made that may or may not accurately represent actual 
conditions and attributes associated with the variables to be studied. Numerical 
methods and techniques have become widely used in engine design to predict many 
aspects o f fuel preparation and combustion processes in SI engines.
10
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Ahmadi-Befrui [1] used a mathematical model of formation and transport of 
liquid films, incorporating a droplet-wall impaction model and exchange mechanisms 
with the gas-phase, and applied it to a test case representation of multi-point fuel 
injection in four stroke SI engines. The results o f the simulation demonstrated that 
the method can reproduce the major features o f spray-wall impaction, liquid film 
formation and development. Further application and quantitative assessment o f the 
method, in a broader spectrum of test case geometric configurations and injector 
operation parameters, was considered to be necessary for an evaluation of the 
mathematical method.
Bai [3] presents a mathematical model for the prediction of the dynamic 
characteristics o f wall films formed by impinging sprays. The model takes into 
account the impingement pressure due to bombardment of impinging droplets, 
tangential momentum transfer resulting from oblique droplet impingement on the 
film surface, and the gas shear force at the film surface. Validation of the model was 
performed against analytical solutions and several sources of experimental data. The 
quantities compared include: wall film radius, mean film thickness, film volume, and 
film thickness at specific locations. The first three quantities compared showed 
satisfactory agreement with the measurements. This model provides a promising first 
step towards the accurate modelling of engine wall dynamics, although there is a 
clear need to further evaluate and extend the present method to cover more 
complicated cases.
11
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3. Experimental Details
As stated previously, this research is o f an experimental nature. Therefore, it 
is necessary to thoroughly describe the experimental equipment and procedures used 
in this investigation. The apparatus used is quite extensive and will be broken down 
into major components o f the complete set-up. The following sections describe 
equipment and instrumentation used, design of experiments, testing of experimental 
components and a procedure for experiments conducted. Photographs of the actual 
experimental apparatus can be found in Appendix A.
3.1 Equipment and Instrumentation
The equipment and instrumentation used in the experimental set-up include 
five subsystems each of which have interfaces with other components. These 
subsystems include:
1. Computer Control and Measurement System,
2. Acoustic Wave Generation System,
3. Fuel Injection System,
4. Intake Air Flow System,
5. Intake Manifold and Cylinder Head Apparatus, and
6. Mass Collection and Measurement System.
12
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3.1.1 Computer Control and Measurement System
The computer control and measurement system was used to control two 
devices: the speaker and the fuel injector. It was also used to measure the voltage 
output from the mass air flow meter. Each of these are discussed in the following 
sections.
3.1.1.1 Analog Output Control
The task of creating signals for the speaker and fuel injector made use of the 
previous work done by Novak [14] but with some modifications. A National 
Instruments AT-AO-IO high performance digital to analog output board was used to 
generate signals for both the speaker and injector simultaneously. A computer 
program written with the use of the Lab VIEW Graphical Programming Software was 
used to access the D/A board and to control the output from the computer. The 
specifications for the analog output board can be found in Appendix B.
The computer program generates output by reading in a data file previously 
saved in spreadsheet format. For the speaker, the digital information was acquired 
from a Ricardo Wave Model, which is a theoretical simulation model used in 
industry. The required injector data for the program was created and stored as a 
separate column of data in the same spreadsheet file as that for the speaker. Figure
3.1 shows a graphical representation of a typical data set used in the experimental 
runs. Separate data files were created to accommodate variation in speaker
13
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amplitude, fuel injection timing and injector open times required for the designed 
experimental runs discussed in a later section.








2 J - 0.8
-0.7speaker data
■0.6
0.00 0.01 0.02 0.040.03
Time [s]









3.1.1.2 Analog Input Measurement
To allow accurate control o f the air flow through the experimental system, it 
was necessary to measure the voltage output from a mass air flow meter that was used 
while running experiments. The voltage signal was measured using the computer 
measurement system. This system includes a National Instruments AT-A2150 
dynamic signal acquisition board that was used to digitize the voltage signal from the 
meter. A program written using Lab VIEW was modified to convert and display the 
air flow in units of kilograms per hour.
14
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3.1.2 Acoustic Wave Generation System
The task of simulating pressure pulses that exist in the intake port o f an SI 
engine was accomplished by using a group of components. These include:
1. Speaker, Amplifier and Power Supply
2. Speaker Support and Interface
3.1.2.1 Speaker, Amplifier and Power Supply
After the speaker signal is generated by the computer control system, it is sent 
to a 500 watt MEI amplifier that is used to amplify the signal before it reaches the 
speaker. The amplifier uses a Hewlett Packard 6011A DC power supply to provide 
it with a constant voltage. The speaker is wired to the amplifier in such a way to 
allow the amplifier to operate in mono mode. This allows maximum power to be 
supplied to the speaker.
The speaker chosen for acoustic wave generation is a JBL 1500 GTi capable 
of handling up to 1000 watts. The 15 inch diameter speaker is capable of producing 
high amplitude acoustic signals at low frequency. The technical details o f the 
speaker and amplifier used are given in Appendix C.
3.1.2.2 Speaker Support and Interface
The speaker support and interface were designed and constructed to constrain 
the speaker and to channel the acoustic signal it produces toward the intake port.
15






supporting path of acoustic c^ 'nd.er















Figure 3.2 - Cross Section View of Speaker Support and Interface
Once the speaker receives its signal, it generates the acoustic pulses. These 
pulses travel along the path illustrated in figure 3.2. The speaker is mounted on an 
aluminum plate with a cutout in it to allow free movement of the speaker diaphragm. 
A rolled sheet metal cone with a base diameter o f 16 inches was mounted in front of 
the speaker and channeled the acoustic pulses through to a diameter o f approximately 
4 inches. A plate was welded on to the 4 inch diameter end of the cone to allow it to 
be fixed to the first aluminum block. Next, the first aluminum block channeled the 
pulses from the 4 inch diameter to an ovate section. Finally, the ovate section was 
swept through a second aluminum block structure and was aimed at the intake port 
o f cylinder head used. A plate was used to mount the second aluminum block 
structure to the cylinder head. Dimensional information concerning these blocks can
16
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be found in Appendix D. The entire test bench was supported at two ends. The 
speaker end was supported by its mounting plate and the cylinder head was supported 
by a stand constructed of square metal tubing.
3.1.3 Fuel Injection System
For the experiments performed in this study, water was utilized rather than 
gasoline. The use of gasoline would present a serious threat of injury due to the fact 
that the gasoline would not be combusted in the experiments and would therefore 
remain in a mixed vapor phase that is extremely volatile. Water was chosen because 
it is readily available, easily disposable and is often used in fuel injection component 
testing. The injection system consisted of a control card, water storage and 
pressurization tank, and the fuel injector. Figure 3.3 shows a schematic o f the 
system.
In order to operate the fuel injector, it was necessary to use a control card. 
This card was supplied by Siemens Automotive and controlled the operation of a 
single fuel injector. A 12 volt DC marine battery was used to power the control card 
and fuel injector. Details o f wiring for the injector and control card are given in 
Appendix E. To control the opening and closing of the injector, the control card 
received a computer generated signal in the form of a square pulse. The pulse width 
of this signal determined the length of time that the injector was opened. There was 
a small lag in injector opening and closing times relative to the control signal. This
17
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Figure 3.3 - Schematic o f Injection System








was due to the mechanical movement involved in opening and closing the injector 
valve. The fuel injector used in the experiments was made of stainless steel 
components; therefore, the detrimental effects o f corrosion were not considered to 
be a threat to the operation of the injector or to the validity o f the experimental 
results.
Water for fuel injection is stored in a Flotec pre-charged pressure vessel. This 
component provided an easy means of supplying water at the pressures used for fuel 
injection in the experimental runs. The water was stored in a vinyl bladder contained 
within a metal tank. Compressed air was supplied to the tank at 5 psi higher than the 
greatest pressure needed to run the experiments. The air in the tank presses on the 
bladder thereby pressurizing the water. A water pressure regulator was connected to 
the outlet o f the tank to allow control o f the pressure before the water reached the 
injector. The water then flowed through a standard fuel line to the fuel rail and 
finally to the injector.
3.1.4 Intake Air Flow System
The intake air flow systems consisted of a wet/dry vacuum, a voltage 
regulator, exhaust adaptor and a mass air flow meter, MAF 62. The wet/diy vacuum 
was selected to provide adequate air mass flow rates to conduct the experiments and 
for its capability to collect moisture from the air being drawn through the 
experimental apparatus. The voltage regulator was used to control the speed of the
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
motor on the vacuum cleaner, thereby controlling the air flow. A schematic o f this 
system is shown in figure 3.4.
Air flow through the experimental apparatus was measured using a mass air flow 
meter mounted on the intake manifold. The meter was powered by a separate 12 volt 
DC power supply. Voltage signals from the meter were then acquired by the 
computer and displayed in units o f kilograms of air per hour. Figure 3.5 shows the 







wet /  dry 
vacuum
computer
|  *  ^  supply
12 volt power
Figure 3.4 - Schematic of Air Flow System
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Figure 3.5 - Typical Computer Display for Air Flow Measurement
3.1.5 Intake Manifold and Cylinder Head Apparatus
Two intake manifolds were used for the experiments performed in this study. 
The first was a production manifold from a Chrysler Neon with a throttle body 
mounted on it. A visual indicator was attached to the side of the manifold to allow 
measurement o f throttle position. The throttle was adjusted using a length of cable 
and an adjustment screw. The second manifold used was modified with the addition 
o f flow straightening to reduce turbulent air flow entering the intake port of the 
cylinder head. Since only one cylinder is being used in this experiment, the air flow 
through the remaining 3 cylinders was blocked for both manifolds. Figure 3.6 and 
3.7 show the two manifolds used.
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Figure 3.6 - Intake Manifold with Throttle Adjustment Capability
mass flow
Figure 3.7 - Modified Intake Manifold with Flow Straightener
The cylinder head used in the experimental apparatus can be considered the 
central component since most o f the other components were mounted to it. The 
cylinder head used is from a Chrysler Neon and has two intake ports for each 
cylinder. Modifications to the intake port were made to allow drainage of liquid 
accumulation occurring on the walls of the port. Contoured rings were sculpted and 
attached to the walls o f the ports to trap liquid and channel it to the bottom o f the 
port. Two small holes were drilled at a location just before the rings to allow
22
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Figure 3.8 - View Looking into the Modified Intake Port
3.1.6 Mass Collection and Measurement System
After water accumulated and drained from the intake port o f the cylinder head, 
it traveled through two tubes and was collected in a glass bottle. An Ohaus Precision 
Plus Model TPYKS digital scale was used to measure the mass of the water collected. 









Figure 3.9 - Mass Collection and Measurement Equipment
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3.2 Design of Experiments
The design of experiments procedure is essential to gathering o f meaningful 
information about events taking place during an experimental investigation. The 
design o f an experiment involves decisions on how to proceed with experimental 
testing, in order to obtain as much information as possible concerning the effects of 
several independent factors on the measured response. In this experimental 
investigation two stages o f experiments were designed. The first was designed using 
a Taguchi methodology to determine how different variables affected the measured 
response. The second was to design a full factorial experiment to determine the 
effects o f pressure pulses along with injection timing on the measured response. The 
response being measured in both cases was the mass of water collected during each 
trial o f an experimental run.
3.2.1 Experiments Using Taguchi Method
The purpose of the first set of experiments to be performed was to determine 
how various factors effect the amount of liquid collected. The Taguchi methodology 
was used in order to reduce the number of experiments required to investigate the 
effects o f these variables. The first step was to decide on the variables that affect the 
quantity being measured and the number o f levels or settings each of the variables 
would have. The controllable variables or factors and their levels selected for these 
experiments are listed in table 3.1.
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Controllable Factors Levels

















FP fuel pressure 30 psi 35 psi 40 psi
Table 3.1 - Variables and Their Levels Used in Taguchi Experiments
The next step was to design a matrix experiment using orthogonal arrays. 
Orthogonal arrays offer the following benefits:
1. The conclusions arrived at from the experiments are valid over the 
entire experimental region spanned by the control factors and their 
settings.
2. There is a large saving in the number of different experimental runs that 
must be executed.
3. Data analysis to arrive at conclusions about the effects o f control 
variables is simplified.
Selecting an appropriate orthogonal array is simplified when the number o f control 
variables and their levels is known. A pre-made L9 orthogonal array was chosen 
that accommodates four factors, each having three levels. The array is shown in table 
3.2.
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A Tfi TP FP
1 0 begin 1 30
2 0 middle 2 35
3 0 end 3 40
4 1 begin 2 40
5 1 middle 3 30
6 1 end 1 35
7 2 begin 3 35
8 2 middle 1 40
9 2 end 2 30
Table 3.2 - L9 Orthogonal Array Used for Taguchi Experimentation
3.2.2 Full Factorial Experiments
A full factorial array of experiments is one that contains all combinations of 
control variables and their levels. This array was used to identify the relationships 
between pressure pulses and measured response at different fuel injection times. The 
control factors used for these experiments are listed in table 3.3 while the array used 
is shown in table 3.4.
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Controllable Factors Levels


























Table 3.4 - Array Used for Full Factorial Experimentation
The reason that experiment number 1, 2 and 3 were combined into one 
experimental run in the array is because, with no changes in air flow or fuel pressure 
and the absence o f pressure pulses, the response measured would not change. The 
only variable that would change would be the time during the engine cycle at which 
the injection occurs.
27
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3.3 Calibration and Testing of Experimental Components
Before conducting any experiments, it is necessary to thoroughly test the 
component systems of the experimental apparatus to validate any results that are 
obtained. Testing was performed on the following systems:
1. Acoustic wave reproduction,
2. Fuel injection, and
3. Intake air flow.
3.3.1 Acoustic Testing
The objective o f the acoustic testing was to show that the speaker was 
producing the proper pressure pulse shape at the different amplitudes needed to 
perform the designed experiments. This was accomplished by measuring and 
comparing the following characteristics:
1. Output from computer
2. Acoustic signal from speaker
The output from the computer was measured by connecting leads from the 
proper output channels o f the D/A card to the input channels o f the data aquisiton 
board in the computer. The signal was then digitized and recorded with the 
Lab VIEW software.
The measurements o f the acoustic signal were obtained using two devices. 
First, a Bruel and Kjaer type 4134 condenser microphone was positioned at the
28
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intake port using a rigid clamping device. Next, the microphone signal was amplified 
with a Bruel and Kjaer Type 2606 measuring amplifier. Finally, the amplifier output 
was inputted to the data acquisition board in the computer where the signal was 
digitized and recorded using the Lab VIEW software. Figures 3.10 through 3.13 
show the measured signals. It should be noted that the intent o f these measurements 
was to determine if  the desired pressure pulse shape was being produced by the 
speaker. Therefore, the shape of the output signal should be observed but its voltage 
level ignored.
In order to validate the acoustic pressure pulse shape, a correlation analysis 
was performed. The correlation coefficient denoted by r is a number whose 
magnitude can be used to determine if  there exists a functional relationship between 
two measured variables. The linear correlation coefficient is given by:
E (xt ~ x ) ( y t ~ i7)
^  = 7------" ---------------------------- T777 (3-D
E (*, - * )2 E cv, - y y
/-i i=i
1/2
The resulting value of rxy will lie in the range from -1 to +1. A value o f +1 indicates 
a perfect relationship between the variables with a positive slope. A value of -1 
indicates a perfect relationship with a negative slope. A value of zero indicates that 
there is no relationship between the variables. The correlation coefficient was 
determined to be 0.889 and indicates a very strong relationship between the computer
29
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Figure 3.11 - Output from Computer
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Figure 3.13 - Relationship Between Output Signal from Computer and 
Speaker Output Measured with Microphone
Next, it was necessary to calibrate the levels o f pressure pulse amplitude by 
measuring the sound pressure level. A Bruel and Kjaer type 4134 condenser 
microphone mounted on a Bruel and Kjaer type 2231 sound level meter was
31
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positioned at the same location as the previous microphone and used to measure the 
sound pressure level o f the different levels of waveform amplitude. No frequency 
weighting was used in the measurements. Table 3.5 shows the results o f these 
measurements.
Levels
A amplitude level of 
waveform
0 (ambient) 1 2
LP sound pressure level 74.1 dB 97.7 dB 112.3 dB
Table 3.5 - Sound Pressure Levels for Different Levels of Waveform Amplitude
3.3.2 Fuel Injector Testing
Fuel injector testing was performed to calibrate the amount o f water being 
injected for each cycle o f operation. A mass of 37 mg of water per injection for a 
pulse width of ten milliseconds and fuel pressure o f 40 psi was established for the 
experimental runs. The next step was to calibrate the pulse width for different fuel 
pressures so that the same amount o f fuel was injected for each of the pressures used.
The fuel injector is a volumetric device that has an orifice that is opened for 
a determined length of time. The volume flow rate for an orifice can be expressed 
by:
Q = CAt 2 * £  (3.2)
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where: C = orifice coefficient
A = cross sectional area o f opening 
g  = gravitational constant 
p  = pressure of fluid 
p = density o f fluid
Furthermore, the mass flow rate and the mass passing through the orifice can be 
expressed by:
m = pCA, 2 g — m = p CAt
P \
2 g P  (3.3)
where t is the length of time that the orifice is opened. Using the relationships 
shown, the required pulse widths were calculated for pressures o f 30 and 35 psi.
The data file created for the analog output for fuel injection consists o f a 
column of 339 data points to match the number used for the speaker output control. 
The modeled engine speed for the experiments was set at 2400 RPM. With this 
value, the duration of one complete cycle o f the engine is 0.05 seconds. Therefore, 
339 data points correspond to 0.05 seconds of time. With the pulse widths 
calculated, the number o f data points required to have the injector open for the 





Number of Points 




Table 3.6 - Fuel Injector Pulse Width Data 
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The fuel injector was experimentally tested with the settings that were calculated to 
ensure that the proper amount of liquid was injected during future experiments. The 
experiment consisted of firing the injector into a collection container for 1200 cycles. 
The masses of liquid collected were measured and are listed in table 3.7.
Fluid Pressure 
[psi]
Total Mass Collected for 
1200 cycles [grams]
Average Mass Injected 





Table 3.7 - Results of Injector Testing
The results obtained from these tests confirm that the fuel injector will inject the 
same amount o f water at different levels o f fuel pressures for the Taguchi 
experiments designed and discussed in a previous section.
3.3.3 Air Flow System Preparation
The preparation of the intake air flow system consisted of achieving an air 
flow rate through the experimental apparatus for a selected air to fuel ratio of 12. As 
previously discussed, the air flow was supplied by a wet/dry vacuum and controlled 
by a voltage regulator. The next step was to calculate and measure the air flow rate.
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Calculation of the mass air flow rate flowing through the experimental 
apparatus was performed for a simulated engine running speed of 2400 RPM. One 
complete engine cycle consists o f 2 revolutions o f the crankshaft for a four stroke 
engine. Therefore, at 2400 RPM there are 1200 engine cycles occurring per minute. 
The calculation o f the mass flow rate o f air is shown below.
m fu i = 37  a n d  A F  = = 12 (3.4)
cycle mfuel
= AF * m&l = 444 >< 10' 4 <3-5)
m  = C P M  x  m  = 0.5328 kg (3.6)
minute
* * = 3 2 0  ( 3 ' 7 )
Therefore, the mass air flow rate required to maintain the selected air to fuel ratio is 
32.0 kilograms of air per hour.
As previously mentioned, a mass air flow meter was used to measure the air 
flow rate. This device outputs a voltage signal that is proportional to the mass air 
flow rate. The signal was acquired by the computer and then processed by a program 
written using Lab VIEW. The program reads in the raw voltage information that it 
then converts to a mass air flow rate in units of kilograms of air per hour. The
35
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conversion was accomplished by using a third order polynomial regression model to 
curve fit the calibration data supplied with the flow meter. The equation used is:
^air = 4-09 + 6-66V + 9.51V2 + 0.18 V3 (3.8)
The correlation coefficient was calculated between the calibration data and data 
generated using the third order polynomial. The coefficient showed a nearly perfect 
relationship between the two data sets indicating that the equation could be used to 
predict the mass air flow rate for a measured voltage for the required range of the 
mass air flow meter. Figure 3.14 shows a plot o f the calibration curve. Technical 
details about the mass air flow meter are given in Appendix F.
0
0.0 0.5 1.0 1.5
Measured Voltage
Figure 3.14 - Calibration and Conversion of Voltage Signal 
for the Mass Air Flow Meter
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3.4 Experimental Procedure
After the apparatus was constructed and component systems were tested to 
ensure they were operating properly, experimentation could begin. The procedures 
used in any experimentation must be clearly defined and followed to produce valid 
results. The procedures outlined in this section were followed for both the Taguchi 
experiments as well as the subsequent full factorial experiments performed. This 
section is divided into two parts that consist of setting up the experimental apparatus 
and actual experimental run procedures.
3.4.1 Setting up the Experimental Apparatus
The following is a step by step procedure to set up the test apparatus for 
experimentation:
1. Turn on computer and load the Lab VIEW software. Open the analog 
output virtual instrument file used for the output signal for speaker and 
the fuel injector.
2. Initiate the mass flow meter virtual instrument file used to acquire and . 
convert the voltage signals from the flow meter.
3. Turn the HP power supply on, connect the injector card to the marine 
battery and turn on the power supply for the mass flow meter.
4. Fill the water tank by first releasing any air pressure that may exist 
inside the tank and then connecting the hose to a water supply. After 
filling, reconnect the tank to the fuel line and pressurize it to 
approximately 45 psi.
5. Turn on the wet/dry vacuum.
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When this procedure has been successfully completed, the apparatus is ready to begin 
experimental trials.
3.4.2 Experimental Run Procedure
The following is a step by step procedure to perform experimental trials:
1. If  the throttle body position is to be varied during experimentation, 
adjust the throttle using the adjustment screw until the desired angle is 
read for the experimental trial.
2. Use the voltage regulator to adjust the speed of the vacuum motor until 
a mass flow rate o f 32 kilograms per hour is displayed on the computer.
3. Adjust the pressure regulator on the water tank to the desired pressure 
for the experimental run.
4. Place the collection container on the digital scale and zero it. Next, fix 
the collection container to the rubber stopper and tubing attached to the 
cylinder head.
5. Set parameters for the analog output program and define the data file to 
be use for the experimental trial. (Number of cycles to complete was set 
to 2400 cycles for experiments performed).
6. Initiate the analog output program to commence the experimental trial.
7. When the analog output program has stopped, carefully remove the 
collection container and place it on the digital scale.
8. Record the mass measured.
9. Repeat steps 1 through 8 for remaining experiments to be performed.
13. Analyze the recorded data to determine the effects o f the varied factors 
on the measured quantity o f water collected during the experimental 
trials.
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It is important that the experimental runs be conducted in a randomized order. 
Randomization has to do with the sequencing of the test runs to be performed at 
various factor levels. This is done to ensure that results are not obtained by chance 
and to minimize the influence of extraneous variables on the measured results. Thus, 
the experiments were not performed in the order shown in tables 3.2 and 3.4 but in 
a random order. A number of experimental trials were performed for each 
experimental run to provide data sets from which a statistical analysis was carried 
out.
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4. Analysis of Data and Results
Proper analysis o f experimental data is an important step to forming valid 
conclusions concerning the relationships among the experimental variables. The data 
analysis and results presented in this chapter will be divided into separate parts for 
the Taguchi experimental runs and the full factorial set o f experiments conducted.
4.1 Analysis and Results of Taguchi Experimental Data
The first part in this analysis is to determine the “goodness” of the 
experimental data obtained in the Taguchi experimental runs. The central tendency 
o f a set of data is most commonly expressed as the sample mean. The sample mean 
is given by:
where y t is the value of one sample of data and n is the total number of samples 
observed. The mean value for each of the experimental runs was calculated from 20 
individual samples. The standard deviation was calculated for each of the runs to 
determine the dispersion or spread of the sample data set. The standard deviation is 
given by: _____________
(4.1)
A  (y, ~ y ? 
~ N M («-l)
(4.2)
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Calculated statistical values for the Taguchi experimental runs are listed in table 4.1.
Experimental 
Run No.











Table 4.1 - Results of Sample Mean and Standard Deviation Calculations 
for Taguchi Experimental Runs
The largest value of sample standard deviation is 0.183 which indicates that the 
dispersion of the data about the sample means is relatively low. The analysis o f these 
results show that the sample means are significantly different in value from one 
another. Therefore, there are measurable effects on the collected mass o f water due 
to the variation of controllable factors used in the experiments. A graphical 
representation o f these results is shown in figure 4.1.


















Figure 4.1 - Results of Taguchi Experimental Runs
Next, an analysis of variance or ANOVA analysis was performed to determine 
the relative importance of the controllable factors on the measured quantities of 
water. The major steps in conducting the ANOVA analysis are:
1. Calculation of sum of squares,
2. Determination of degrees o f freedom, and
3. Estimation of various factor effects on response variable.
Several types of sums of squares are necessary in determination of the effect 
of the various controllable factors on the response variable. Examples of these types 
of calculations can be found in many books involving statistical analysis [e.g. 8].
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The number of independent parameters associated with an entry like a matrix 
experiment, or a factor, or a sum of squares is called its degree of freedom. A matrix 
experiment with 9 rows has nine degrees o f freedom and so does the grand total sum 
o f squares. The overall mean has one degree of freedom and so does the sum of 
squares due to the mean. Thus, the degrees of freedom associated with the total sum 
of squares is 9 - 1 =8 .  In general, the number of degrees of freedom associated with 
a factor is one less than the number of levels. Therefore, since all o f the factors used 
in these experiments have three levels, they each have two degrees o f freedom.
Estimation of the various effects were performed by using the sum of squares 
for each factor and the total sum of squares to calculate a percentage effect. The 
results o f the ANOVA analysis are shown in table 4.2.
Factor Degrees of 
Freedom
Sum of Squares Factor Effect
A 2 0.907 14.55 %
Tn 2 2.428 38.96 %
TP 2 0.805 12.92%
FP 2 2.092 33.57 %
Error 0 0
Total 8 6.232 100 %
Table 4.2 - Results of ANOVA Analysis
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A graphical representation of the results obtained from the ANOVA analysis is 
shown in figure 4.2.
A(\ 38.96
A Tfi TP FP
Figure 4.2 - Results Obtained from ANOVA Analysis
The results from this analysis show that the experimental apparatus is capable 
o f measuring effects on wall wetting occurring in the intake port due to varying 
acoustic pressure pulses propagating through the system. The two main factors that 
affected the measured response the most were the timing of fuel injection and the fuel 
pressure. In the full factorial set o f experiments, fuel pressure and throttle position 
were not included as factors. This should allow the determination of specific effects 
of pressure pulses on wall wetting.
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4.2 Analysis and Results of Full Factorial Experimental Data
As with the analysis in the previous section, the sample mean and sample 




Sample Mean Sample Standard 
Deviation







Table 4.3 - Results of Sample Mean and Standard Deviation Calculations 
for Full Factorial Experimental Runs
The largest value of sample standard deviation is 0.104. This indicates that scattering 
of data around the sample mean is minimal. Again, the results in table 4.3 show that 
there is a significant difference between sample means. This will allow analysis of 
the effects o f the acoustic pressure pulses on wall wetting to be determined. A 
graphical representation of the tabulated results are shown in figure 4.3.
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Figure 4.3 - Results of Full Factorial Experimental Runs
To determine if, in fact, there is a relationship between pressure pulses and 
the measured response from the experimental apparatus, the response was plotted for 
a given setting of injection timing. In this case, only the pressure pulse amplitude 
was changed. Figures 4.4 through 4.6 show the results of these plots. By observing 
the group of graphs, it is seen that there is a notable relationship between the 
measured response and the amplitude o f acoustic pressure pulses. To further analyze 
this observation, linear and quadratic curve fitting routines were performed to fit the 
data and are shown in the graphs. The results of these routines are listed in tables 4.4 
through 4.6.
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Figure 4.4 - Fuel Injection at Beginning of Cycle
Linear Curve Fit Quadratic Curve Fit




Standard Error 0.145 0.0
Correlation Coefficient 0.929 1.0
Table 4.4 - Results of Linear and Quadratic Curve Fitting Routines for Fuel 
Injection at Beginning of Cycle
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Figure 4.5 - Fuel Injection at Middle of Cycle
Linear Curve Fit Quadratic Curve Fit




Standard Error 0.243 0.0
Correlation Coefficient 0.966 1.0
Table 4.5 - Results of Linear and Quadratic Curve Fitting Routines for Fuel 
Injection at Middle of Cycle
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Figure 4.6 - Fuel Injection at End of Cycle
Linear Curve Fit Quadratic Curve Fit




Standard Error 0.171 0.0
Correlation Coefficient 0.985 1.0
Table 4.4 - Results of Linear and Quadratic Curve Fitting Routines for Fuel 
Injection at End of Cycle
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The results of the full factorial set of experiments show a distinct relationship 
between the amounts o f liquid collected and the amplitude level o f the pressure 
pulses used. The relationship is dependent on fuel injection timing. Another 
observation made was that the coefficients determined in the curve fitting analysis 
for the injection occurring at the middle and end of a cycle show very similar 
magnitudes. The difference is found in the sign of the coefficients either being 
positive or negative.
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5. Conclusions and Recommendations
The result o f the research described in this thesis provides a starting point for 
further study in this area. The experimental approach used clearly shows that there 
are measurable effects on wall wetting due to pressure pulses propagating through 
the intake system. This indicates the need for further research to be done with special 
regard to wall wetting and pressure pulse interactions. The experimental data 
obtained through the use of the constructed apparatus provides a basis which may 
then be used for comparison of results achieved from the use o f mathematical 
modelling and computational techniques.
5.1 Conclusions
The following is a list of conclusions that have been reached after studying the 
results obtained from this experimental investigation.
1. The experimental apparatus constructed for this research is capable o f producing 
measurable amounts of wall wetting in the intake port due to the impingement of 
sprays from a fuel injector. The apparatus also allows measurements to be made 
of the effects of pressure pulses propagating through the induction system on wall 
wetting in the intake port.
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2. Analysis o f the experiments designed using Taguchi methods showed that the two 
factors which influenced the measured response the most were the time of fuel 
injection during a cycle and fuel pressure followed by pressure pulse amplitude 
and finally throttle position. From these results the apparatus was modified to 
reduce the effects o f fuel pressure and throttle position to allow specific 
investigation o f the effects o f pressure pulses on wall wetting with regard to 
injection timing.
3. Analysis o f the experiments performed using a full factorial array show that the 
effects o f pressure pulses on wall wetting depend on injection timing.
4. When fuel injection occurred at the beginning of a cycle, increases in pressure 
pulse amplitude had minimal effects on the measured response.
5. When fuel injection occurred in the middle o f a cycle, wall wetting decreased as 
pressure pulse amplitude increased.
6. When fuel injection occurred at the end of a cycle, wall wetting increased as the 
amplitude of pressure pulses increased.
5.2 Recommendations
The construction and testing conducted in this experimental study provided
valuable information as to the effects of pressure pulses on wall wetting in the intake
port. There are, however, some areas which may be improved and studied to further
52
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understand this interaction. The following is a list o f recommendations for continued 
research.
1. With this apparatus, only a portion of wall wetting occurring in the intake port is 
collected. Modifying the apparatus to allow the collection o f all wetting in the 
intake port would allow comparisons to be made with actual engine 
measurements.
2. Visualization techniques in the form of high speed video equipment should be 
used to investigate the physical events taking place when the pressure pulse 
interacts with the fuel spray from the fuel injector. This would involve modifying 
the apparatus to allow visual access to the intake port.
3. Modified intake geometries should be used with this apparatus to investigate how 
the geometry effects the pressure pulses and thereby effects the wall wetting 
taking place in the intake port.
It is recommended that the factors and procedures listed above be carefully 
considered in conducting future investigations of this problem.
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Appendix A
Various Photos of Experimental Apparatus
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Appendix B
Specifications for Computer Cards
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Specifications for AT-AO-6/10
Reproduced from [12]
This appendix lists the specifications of the AT-AO-#10. These arc typical at 25° C unless 
otherwise stated. The operating temperature range is 0° to 70° C
Analog Output
Number of output channels 
TypeofDAC
Relative accuracy (nonlinearity) 
Differential nonlinearity
Gain error













Settling time to 0.5 LSB 










6 for the AT-AO-6 
10 for the AT-AO-10
12-bit, multiplying
0.015% of FSR maximum 
(±13 mV Unipolar, ±3 mV Bipolar)
±0.006% of FSR typical
(+6mV Unipolar, ±1.2 mV Bipolar)
±1 LSB maximum (monotonic over temperature) 
±0.2 LSB typical
±1.0%, adjustable to < 0.005%
±10 ppm/0 C 
±0.1%, not adjustable 
±5ppm/°C
±100 mV bipolar mode, adjustable to < ±03 m V 
±50 mV unipolar mode, adjustable to < ±0.3 mV
0tol0V,±10V
0 toV rf^V ,*
±5 mA/each Vogt maximum 
Oil Q maximum 
500 pF maximum 





1 mV tins, DC to 1 MHz
4 to 20 mA sink to ground 
1GQ minimum
+7 to+40 VDC (at connector pins) 
±0.1% FSR
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Short circuit and open circuit
External reference input impedance 11 kQ unipolar mode, 7 kfi bipolar mode for each 
output channel
Transferrate
System memory to onboard FIFO
FIFO to output channels)
300 kwords to 500 kwords/sec maximum 
(system and software dependent)
1.6 Mwords/sec maximum
* Each channel can drive ±5 mA current maximum. But the total output power consumption is 
200 mW. Thus, if all 10 channel outputs are 10 V, the maximum current output is 2 mA per 
channel.
Explanation of Analog Output Specifications
Relative accuracy in a D/A system is the same as nonlinearity because no uncertainty is added due 
to code width. Unlike an ADC, every digital code in a D/A system represents a specific analog 
value rather than a range of values. The relative accuracy of the system is therefore limited to the 
worst-case deviation from the ideal correspondence (a straight line), excepting noise. If a D/A 
system has been calibrated perfectly, then the relative accuracy specification reflects its worst-case 
absolute error.
Differential nonlinearity in a D/A system is a measure of deviation of code width from 1LSB. hi 
this case, code width is die difference between die analog values produced by consecutive digital 
codes. A specification of ±1 LSB differential nonlinearity ensures that die code width is always 
greater than 0 LSB (guaranteeing monotonicity) and is always less than 2 LSBs.
Digital I/O
Compatibility
Output current source capability 
Output current sink capability
TTL-compatible
Can source 2.6 mA and maintain Vqh at 2.4 V 
Can sink 24 mA and maintain VoLatO-5 V





0.6 A typical 
60 mA typical + load 














13.3 in. by 4.5 in.
50-pin male ribbon-cable connector
(ftoTOPC
5% to 90% noncondensing
-55° to 150° C
5% to 90% noncondensing
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Specifications for AT-A2150
Reproduced from [11]
This appendix lists die specifications of the AT-A2150. These specifications arc typical at 25° C, 
unless otherwise stated. The operating temperature range is 0° to 70° C.
Analog Input





Maximum input voltage 
Gain adjustment range 






4, single-ended, simultaneously sampled 
460 left in parallel with 75 pF 
AC or DC 
16 bits
12.828 V (2 Vrms)
±20 V (powered on or off)
±3.5% (±0.3 dB)
±15 LSB maximum 
±5 LSB typical
(see also Figure A-l)
±0.025 dB maximum, DC to 20 kHz 
±0.01 dB typical (48 kHz sampling rate) 
±0.025 dB maximum, DC to 4 kHz 
±0.01 dB typical (24 kHz sampling rate) 
±0.05 dB, DC to 10 kHz 
AC coupling -3 dB cutoff at 8.8 Hz
±0.5°, DC to 20 kHz
±1°, DC to 20 kHz (see also Figure A-2)
Signal delay
(time from when signal enters analog input 
until sample data is latched into die FIFO)
35.6 sample periods, any sample rate
Total harmonic distortion (THD)
Signal-to-THD+noise
Intermodulation distortion (IMD) 
48 kHz sample rate
SMPTE (60 Hz, 7 kHz) 
DIN (250 Hz, 8 kHz) 
CCIF (14 kHz, 15 kHz)
-95 dB for 0 dB input, DC to 22 kHz 
















Minimum pulse width 
Output level














-90 dB, DC to 22 kHz
0.45 times sampling rate
2, 2.5, 3, 4, 5, 6, 8,10,12,16, 20, 24 kHz 
4, 5.5125, 6, 6.4, 8, 11.025, 12, 12.8, 16, 22.05, 







PC AT I/O Channel)
1.5 A at +5 VDC
13.25 in. by 4.5 in.
5 RCA phono jacks
0°to70°C
5% to 90% noncondensing
-55° to 150° C
5% to 90% noncondensing
65
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Performance Plots
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F igure A -2. A nalog Input Interchannel Phase (T ypical)
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Appendix C
JBL Speaker and MEI Amplifier Specifications
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Technical Specifications 1800 QTI 1500 an
Size 18" 15"
Power Handling:
Continuous Sine Wiave 600 watts 600 watts
Maximum Amplifier Power 1,000 watts 1,000 watts
Usable Frequency Range 25-300 Hz 30-300 Hz




300 Hz 300 Hz
Low Frequency Ttansducer Size 18" (457 mm) 15" (381 mm)
Magnetic Structure Weight 240 oz (6.8 kg) 240 oz (6.8 kg)
Voice Coil Size 4" (100 mm) 4" (100 mm)
Mounting Depth: Top 67k "  (175 mm) 4 7h "  (124 mm)
Bottom 71fc" (191 mm) 5’fe" (137 mm)

















M O B I L E  A U D I O  S Y S T E M S
500 Watt 2 Channel Multi-Mode 









m □  Output power....................................................................................................................................................... 250 W MAX/channel
•>  500 W MAX (mono)
B .............................................................................................................................................................170 WRMS/channel @ 5% THD
U   110 WRMS/channel @ 0.5% THD
B  220 WRMS ® 0.5% THD (mono)
8 □  Frequency response (±3 dB)..............................................................................................................................................10Hz - 30KHz
& □  S/N ratio......................................................................................................................................................................................95 dB
S □  Subwoofer crossover Variable 40Hz - 240Hz
□  Input sensitivity (RCA inputs)................................................................................................................................Variable 1 OOmV to 1V
(nigh level input) 0.8V - 8V)
□  Input impedance (RCA inputs)..........................................................:......................................................................................1 OK ohms
(high level inputs)   50 ohms
□  Minimum output load impedance (stereo) 2 ohms/channel
(mono).....................................................................................................................................................................................4 ohms
□  Power supply requirement................................................................................................................................................12VDC /  40A
□ Current consumption (@ max. O /P)............................................................... ....35A
□ Chassis size (WxHx D) 354 x 240 x 57mm
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Dimensional Information for Aluminum Block Components
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Figure D.l - Cross Sectional View of Aluminum Blocks
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Figure D.3 - Second Aluminum Block Section 
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Figure D.4 - Mounting Plate 
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Appendix E
Fuel Injection Component Information
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22m imiiinim™
A B C D E F H J  K L M N P R S T  U V W X Y Z
■  1,2 - 12V B+
■  20,21,22 - ground
■  8 - positive e d g e  trigger input (5 volts from computer)
■  3,4 - fuel injector (positive side)
■  16,17 - other side of injector
Pin M goes low = open injector; light com es on (labeled 'Open Injector1)
Line marked T/H = too high a  resistence injector; the symptom is that the 
time to reach peak current is more than 2 milliseconds. 
Therefore PW is truncated to approx. 2 ms.
Note: The left pin looking into the injector is positive.
Figure E.1 - Fuel Injector Control Card Information
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4  5  6  7 8  9  1 0  11 1 2  13  1 4  1 5  16117  18  1 9  2 0  21
A B C D E  F H J  K L M N P R S  T U V W X Y Z
■  1 , 2 -  12V B +
■  20,21,22 - ground
■  8 - positive ed g e  trigger input (5 voits from computer)
■  3,4 - fuel injector (positive side)
■  16,17 - other side of injector
. injector 
control card
Figure E.2 - Wiring Diagram for Fuel Injection System
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Appendix F
Mass Air Flow Meter Information
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UB = 7.5 V .... 16 V
1.2 Current consumption
- in operation mode
- after switch on
<0.5 A
< 1.2 A (t < 500ms)
2. Range of Mass Airflow
Q = 5 kg/h .... 500 kg/h
For a supply voltage between 7.5 V and 9 V the maximum mass airflow that 
can be measured is 140 kg/h.
3. Range of output signal
0 V < UA < 5 V
source impedance of the MAF 1 kOhm ±1%
During power-up, a short time overvoltage higher than 5 V {maximum 7.5 V) 
appears (t < 500 ms).
4. Connector
4 pin connector
Pin 1: Supply 
Pin 2: Sensorsignal 




H JB - MAF (brown)
MAF - (yellow-green)
Table F.l - Technical Data for Mass Air Flow Meter MAF 62
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Characteristic MAF 11890157
U(v) Q(kg/h) U(v) Q(kg/h)
0.02 0.00 0.74 14.3
0.04 0.00 0.76 14.73
0.06 0.00 0.78 15.16
0.08 0.00 0.80 15.61
0.10 0.00 0.82 16.06
0.12 4.95 0.84 16.52
0.14 5.16 0.86 16.99
0.16 5.38 0.88 17.46
0.18 5.60 0.90 ,17.94
0.20 5.82 0.92 18.43
0.22 6.05 0.94 18.93
0.24 6.28 0.96 19.43
0.26 6.52 0.98 19.94
0.28 6.75 1.00 20.46
0.30 7.00 1.02 20.99
0.32 7.25 1.04 21.53
0.34 7.50 1.06 22.07
0.36 7.76 1.08 22.62
0.38 8.03 1.10 23.18
0.40 8.30 1.12 23.74
0.42 8.58 1.14 24.32
0.44 8.87 1.16 24.90
0.46 9.17 1.18 25.49
0.48 9.48 1.20 26.09
0.50 9.80 1.22 26.70
0.52 10.12 1.24 27.31
0.54 10.46 1.26 ' 27.94
0.56 10.81 1.28 28.57
0.58 11.16 1.30 29.21
0.60 11.52 1.32 29.87
0.62 11.89 1.34 30.53
0.64 12.27 1.36 31.20
0.66 12.66 1.38 31.88
0.68 13.06 1.40 32.56
0.7 13.47 1.42 33.26
0.72 13.88 1.44 33.97
Table F.2 - Calibration Data for the Mass Air Flow Meter 
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Appendix G
Data from Ricardo Wave Model
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Data from Ricardo Wave Model
ank Angle Pressure Crank Angle Pressure
Pulse Data Pulse Data
-180.00 0.80 -103.3136 0.983705
-177.87 0.80 -101.1834 0.983296
-175.74 0.81 -99.05325 0.982926
-173.61 0.82 -96.92308 0.985631
-171.48 0.82 -94.7929 0.985193
-169.35 0.83 -92.66272 0.984952
-167.22 0.84 -90.53254 0.984128
-165.09 0.84 -88.40237 0.98334
-162.96 0.85 -86.27219 0.983357
-160.83 0.86 -84.14201 0.983289
-158.70 0.86 -82.01183 0.982655
-156.57 0.87 -79.88166 0.982358
-154.44 0.88 -77.75148 0.98279
-152.31 0.89 -75.6213 0.983046
-150.18 0.90 -73.49112 0.982911
-148.05 0.90 -71.36095 0.98326
-145.92 0.91 -69.23077 0.983931
-143.79 0.92 -67.10059 0.984082
-141.66 0.93 -64.97041 0.983836
-139.53 0.93 -62.84024 0.984069
-137.40 0.94 -60.71006 0.984773
-135.27 0.95 -58.57988 0.984971
-133.14 0.95 -56.4497 0.984771
-131.01 0.96 -54.31953 0.985003
-128.88 0.96 -52.18935 0.985196
-126.75 0.97 -50.05917 , 0.984468
-124.62 0.97 -47.92899 0.98355
-122.49 0.98 -45.79882 0.983674
-120.36 0.98 -43.66864 0.984083
-118.22 0.98 -41.53846 0.983915
-116.09 0.98 -39.40828 0.984039
-113.96 0.99 -37.27811 0.984794
-111.83 0.99 -35.14793 0.985043
-109.70 0.99 -33.01775 0.984389
-107.574 0.984797 -30.88757 0.984061
-105.4438 0.984077 -28.7574 0.984372
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-26.62722 0.984448 52.18935 0.984465
-24.49704 0.984238 54.31953 0.984719
-22.36686 0.984357 56.4497 0.985025
-20.23669 0.984764 58.57988 0.985317
-18.10651 0.984712 60.71006 0.985777
-15.97633 0.984208 62.84024 0.985695
-13.84615 0.983929 64.97041 0.985266
-11.71598 0.984113 67.10059 0.984771
-9.585799 0.984353 69.23077 0.984712
-7.455621 0.984322 71.36095 0.984765
-5.325444 0.984487 73.49113 0.984577
-3.195266 0.984962 75.6213 0.984821
-1.065089 0.985245 77.75148 0.985224
1.065089 0.984975 79.88166 0.98537
3.195266 0.984743 82.01183 0.984967
5.325444 0.984885 84.14201 0.984881
7.455621 0.984885 86.27219 0.985273
9.585799 0.984525 88.40237 0.985243
11.71598 0.984273 90.53255 0.985128
13.84615 0.984401 92.66272 0.985326
15.97633 0.984434 94.7929 0.985702
18.10651 0.984342 96.92308 0.985471
20.23669 0.984456 99.05325 0.984951
22.36686 0.984838 101.1834 0.985077
24.49704 0.985011 103.3136 0.985193
26.62722 0.985192 105.4438 0.98496
28.7574 0.985025 107.574 , 0.984711
30.88757 0.984947 109.7041 0.985008
33.01775 0.984788 111.8343 0.985388
35.14793 0.984788 113.9645 0.985186
37.27811 0.98483 116.0947 0.985253
39.40828 0.984846 118.2249 0.985745
41.53846 0.98506 120.355 0.986038
43.66864 0.98506 122.4852 0.985651
45.79882 0.984968 124.6154 0.985244
47.92899 0.984517 126.7456 0.98537
50.05917 0.984372 128.8757 0.98516
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Crank A ngle P ressu re Crank Angle P ressu re
P u lse  Data P u lse  Data
131.0059 0.984752 207.6923 0.985868
133.1361 0.98482 209.8225 0.985904
135.2663 0.98545 211.9527 0.985864
137.3965 0.985735 214.0828 0.985974
139.5266 0.985405 216.213 0.986055
141.6568 0.985414 218.3432 0.986056
143.787 0.985543 220.4734 0.985784
145.9172 0.98542 222.6035 0.985611
148.0473 0.985126 224.7337 0.985486
150.1775 0.985388 226.8639 0.985359
152.3077 0.985972 228.9941 0.985256
154.4379 0.986025 231.1243 0.985473
156.5681 0.985771 233.2544 0.986013
158.6982 0.985523 235.3846 0.986343
160.8284 0.985426 237.5148 0.986381
162.9586 0.985046 239.645 0.986248
165.0888 0.984746 241.7751 0.986222
167.2189 0.985005 243.9053 0.985964
169.3491 0.985505 246.0355 0.985584
171.4793 0.985852 248.1657 0.985528
173.6095 0.985828 250.2959 0.985896
175.7396 0.985962 252.426 0.98619
177.8698 0.986003 254.5562 0.98599
180 0.98582 256.6864 0.985885
182.1302 0.985519 258.8166 0.985957
184.2604 0.985485 260.9467 . 0.985829
186.3905 0.985662 263.0769 ' 0.985512
188.5207 0.985618 265.2071 0.985694
190.6509 0.985527 267.3373 0.986368
192.7811 0.985455 269.4675 0.986571
194.9112 0.98555 271.5976 0.986406
197.0414 0.98551 273.7278 0.986446
199.1716 0.985531 275.858 0.986509
201.3018 0.985593 277.9882 0.986066
203.4319 0.985722 280.1183 0.985552
205.5621 0.985818 282.2485 0.985741
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